Experimental models of focal cerebral isch emia have provided important data on early circulatory and biochemical changes, but typically their correspon dence with metabolic and hemodynamic findings in stroke patients has been poor. To fill the gap between experimental studies at early time points and rather late clinical studies, we repeatedly measured CBF, CMR02, oxygen extraction fraction (OEF), cerebral blood volume (CBV), and CMRglc in six cats before and up to 24 h after permanent middle cerebral artery (MCA) occlusion (MCAO), using the ISO steady state and [18Flfluorodeoxy glucose methods and a high-resolution positron emission tomography (PET) scanner. Likewise, three sham operated control cats were studied during the same pe riod. Final infarct size was determined on serial histologic sections. In the areas of final glucose metabolic depres sion that were slightly larger than the histologic infarcts, mean CBF dropped to -40% of control values immedi ately on arterial occlusion. It further decreased to <20% during the course of the experiment. This progressive ischemia was most conspicuous in border zones. CMR02 fell to a lesser degree (55%), eventually reaching -25% of its control level. At early stages, OEF increased mainly in the center of ischemia. With time, areas of increased OEF moved from the center to the periphery of the MCA ter ritory. Concurrently, progressive secondary decreases in OEF in conjunction with further reductions of CBF and Current concepts of the pathophysiology of isch emic neuronal damage are based mainly on results from experiments in animal models or in tissue cul-
CMR02 indicated the development of central necrosis. The findings are highly suggestive of a dynamic penum bra. In five cats with complete MCA infarcts, CBF de creased and OEF increased in the contralateral hemi sphere after 24 h, suggesting whole-brain damage. This effect may be explained by the widespread brain edema found histologically in addition to the nonspecific CBF reductions and OEF elevations observed also in the sham-operate� controls after I day in the experimental condition. In one cat, cortical OEF increased only tran siently. Normal CMR02 and CMRglc were eventually re stored, and the final infarct was small. This study dem onstrates that acute regional pathophysiologic changes can be repeatedly assessed by multivariate PET in cats. Viable tissue can be detected up to several hours after MCA occlusion, and the transition of misery-perfused re gions into necrosis or preserved tissue can be followed over time. The present results support the concept of a dynamic penumbra, in which for up to 24 h tissue damage spreads progressively from the center to the periphery of ischemia. Sequential high-resolution PET provides in sight into the dynamics of regional pathophysiology and may thus further the development of rational therapeutic strategies. Key Words: Positron emission tomography Cerebral ischemia-Penumbra-Cerebral metabolism Cerebral blood flow-Ischemic stroke.
tures (Choi, 1992; Siesj6, 1992) and explain isch emic cell death as a consequence of progressive del eterious interactions between various circulatory, biochemical, and molecular disturbances (Chopp, 1993; Heiss and Graf, 1994) . In the clinical setting, only a few of the many factors contributing to this complex process, like blood flow, blood volume, oxygen consumption, and glucose metabolism, can be assessed by means of positron emission tomog raphy (PET) . Sporadic measurements of these basic quantities that are of particular import in the initial phase of ischemia indicated that viable tissue char-acterized by increased oxygen extraction fraction (OEF) at low flow may regionally persist for up to 48 h after onset of stroke. Follow-up PET studies performed later in the course of disease revealed declined oxygen consumption in most regions, thus suggesting progressive infarction (Wise et aI., 1983; Hakim et aI., 1989; Heiss et aI., 1992) . The condi tion of increased oxygen extraction fraction is in terpreted as being indicative of ischemic penumbra, which was originally defined as the range between the flow thresholds for loss of functional and of structural integrity of ischemic brain tissue (Astrup et aI., 1981) and therefore is of great importance for defining tissue compartments amenable to thera peutic intervention. The complicated logistics in volved in the regional determination of these vari ables prevent their repeated evaluation early in the course of events after an ischemic attack, which is when the fate of the patient is decided (McDowell, 1993) . Therefore, a gap still exists between the re sults obtained at well-defined but singular time points in animal experiments, on one hand, and the findings collected incidentally in patients at various times after their stroke on the other. Furthermore, in animals, CMR02 cannot be studied with autora diographic or conventional biochemical methods, and repeated metabolic measurements are not fea sible with commonly applied technologies early in the course of focal ischemia. Therefore, the changes over time of several physiological variables were not followed in three dimensions in the same individual. Only recently, Pappata et al. (1993) dem onstrated that repeated PET determinations of blood flow, blood volume, and oxygen consumption after middle cerebral artery (MCA) occlusion (MCAO) are feasible in baboons. With modern, high-resolution PET scanners (Wienhard et aI., 1994) , serial measurements of local cerebral hemo dynamics and energy metabolism can be performed even in cats before and after MCAO. In this animal model, the temporal pattern of changes of those variables can be followed until the stable phase is reached after �24 h. This approach permits one to study the dynamics of focal ischemia and penumbra.
METHODS
Nine adult cats of either sex weighting 2.5-4.1 kg were used. Anesthesia was induced with 25 mg/kg i.m. keta mine hydrochloride. After catheterization of the left fem oral artery and vein, the cats were tracheostomized, im mobilized with 0.2 mg/kg i. v. pancuronium bromide, and artificially ventilated. Anesthesia was continued with 0.8-1.5% halothane in a 70%/30% N20/02 gas mixture to cir cumvent protective effects of ketamine against excito toxic and ischemic damage (Lees, 1989 ). An intravenous infusion of 2 mUkg/h Ringer solution containing 5 mg/kg/h gallamine triethiodide for muscle relaxation was main-tained throughout the experiment. Physiological variables were kept in the normal range known for awake cats (Herbert and Mitchell, 1971) . Deep body temperature was kept at 37-37 SC by means of a controlled heating blan ket. The left MCA was exposed transorbitally, and an occluding device was implanted as described elsewhere (Graf et al., 1986) . This device permitted occlusion of the MCA with a microdrive after the orbita was sealed. By this procedure, leakage of cerebrospinal fluid was avoided and intracranial pressure was maintained.
Multiple consecutive PET studies were performed in each cat before and up to 24 h after permanent MCAO. Using a head holder and a crosshair laser beam system, the animals were positioned in the scanner gantry such that coronal brain sections corresponding to a stereotaxic cat brain atlas (Reinoso-Suarez, 1961) were obtained. To guarantee positional stability, the animals were kept in the scanner throughout the entire experiment. Compara bility among animals was achieved by the mUltiple 3.1mm coronal slices covering the whole brain and permit ting three-dimensional reconstruction and alignment to the histological sections obtained in the same orientation. Correction of photon attenuation was carried out in each cat, using a transmission scan performed with rotating 6BGe rod sources. For the assessment of CBF, CMR02, OEF, and cerebral blood volume (CBV), the steady-state ISO continuous inhalation method (Frackowiak et aI., 1980) was used, with successive inhalation of trace amounts of CIS02, IS02, and C IS O. Constant tracer ac tivity was supplied to the inhalation system by an auto mated gas regulation device (J. L6ttgen et al., 1994) . The calculated OEF and CMR02 values were corrected for nonextracted ISO-labeled hemoglobin using the CISO steady-state method (Lammertsma and Jones, 1983) . CMRglc was measured (Reivich et al., 1979) after injec tion of 2 mCi 2-[IBFlfluoro-2-deoxY-D-glucose (FDG) us ing regionally estimated rate constants (Wienhard et al., 1985) and a lumped constant of 0.42. Experimental back ground and limitations of these methods for measurement of cerebral hemodynamics and energy metabolism were discussed previously (Baron et al., 1989) .
Serial PET scanning was performed with a 24-ring, high-resolution camera (Siemens/CTI ECAT EXACT HR) having a field of view of 15 cm, an in-plane spatial resolution of 3.6 mm full width at half maximum (FWHM), and an axial resolution of 4.0 mm FWHM (Wienhard et al., 1994) . Total count rates collected for C1S02 and IS02 studies ranged from 50,000 to 75,000 cps in 10-min frames, with trans axial slices being recon structed from 1 to 1.5 million true coincidence counts per slice. For a FDG study, a total of lOB counts was collected for 40 min starting at 20 min after injection, thus permit ting the reconstruction of transaxial slices from 4 million counts per slice. During each CISOZ' IS02, and CISO scan, two arterial blood samples were taken (at the beginning and at the end of PET data acquisition) for determination of blood gases and for whole-blood and plasma radioac tivity measurements in a sample changer cross-calibrated to the camera; mean values were used for parametric im age generation. During the FDG studies, eight blood sam ples were taken starting at tracer injection, and plasma radioactivity was used for CMRglc calculations according to the model equation (Reivich et al., 1979) . Additionally, plasma glucose content was determined. At the end of the experiment, usually 24 h after MCAO, the animals were perfusion-fixed with formalin (4%) and the brains were removed. The occlusion of the MCA was verified, and serial 7-f.Lm sections (HE-or Luxol Fast Blue-stained) were obtained in parallel with the PET planes according to the stereotaxic cat brain atlas (Reinoso-Suarez, 1961) . Corresponding to the PET slice thickness, serial sections were analyzed at a section-to-section distance of -3 mm for histologic verification of infarcts and for the matching between morphology and the various functional images. Correction for brain edema was performed according to Swanson et al. (1990) .
Parametric PET images of CBF, CMR02, and OEF were obtained twice (between 12 h and 1 h) before and up to six times within 24 h after MCAO, with each multi tracer study taking -50 min. CBV and CMRglc (additional 60 min) were determined at -4 and 20 h after MCAO. In one case, CBV and CMRglc were also measured 12 h before MCAO. Data analyses were based on the paramet ric images of 14 transaxial brain slices. Because of vari ous problems, e.g., with repeated withdrawal of blood Vol. 14, No.6, 1994 during prolonged experimental periods, blood sampling errors, and partial volume effects, we used mainly side to-side comparisons of individual regions of interest (ROIs) to decrease statistical variability. The ROIs in cluded the whole hemisphere as well as regions represent ing convexity cortex and the area of final suppression of glucose metabolism at the end of the observation period, both ipsi-and contralateral to the arterial occlusion ( Fig.   I) . A set of ROIs, once defined for each animal, was used in all subsequent multitracer studies. For statistical pur poses the studies were pooled into four time frames: 1 h before, -1 h after, 3-4 h and 18-24 h after MCAO. The significance of differences between sequential studies was assessed using repeated-measures two-way analysis of variance (ANOVA).
RESULTS
During the prolonged experiments of the present study, physiologic variables remained within the FIG. 1. Control images of CBF and CMR02, final image of CMRg1c' and corresponding histologic cross sec tion at plane 10 of cat 1. Regions of interest (ROls) 1 and 2 for hemisphere and convexity cortex, respectively, were outlined on control images, and ROI 3 (infarction) was outlined on the final CMRglc image that corresponded roughly to the histological infarct. MCAO, middle cerebral artery occlu sion.
normal range for cats, with some changes in blood pressure and blood gases occurring after 18-24 h that were probably due to repeated withdrawal of blood and continued anesthesia (Table 1 ). In the three sham-operated controls, mean PET values of CBF, CMR02, OEF, and CMR g lc were repeatedly determined and only showed alterations after an ex perimental period of -20 h (CBF, 67 ± 9.5%; CMR02, 87 ± 4.5%; OEF, 134 ± 9.6%; CMR g lc, 91 ± 3.9% of initial value).
In the experimental group with MCAO, control values of CBF, CMR02, and OEF were obtained twice and did not change within the pre occlusion observation period. The control PET images (exam ple in Figs. 1 and 2) usually showed functional sym metry, revealing slight effects of the surgical prep aration in some more anteriorly located slices in two of the animals. The cat's brain could be clearly outlined on these parametric images. Separation of individual brain structures (cortex, white matter, basal ganglia) was best on the FDG images because of the lower positron energy of 18 F and the higher count rate providing better image statistics.
Sequential multivariate images of a brain slice of cat 6 are shown in Fig. 2 . The mean values of the variables determined by PET in all ROIs of that animal at the various time points are given in Table  2 . From the data it is obvious that absolute values show the effect of MCAO but suffer from high vari ability. In the infarct area (ROI 3) of cat 6, percent reductions of CBF at 1 h after occlusion are larger (31.6% of individual control value before occlusion) than those of CMR02 (51%), and OEF is therefore increased. After -20 h, both CBP and CMR02 are decreased below 10%, and OEF is also reduced to -60%. The trend shown in Table 2 for one animal is seen also for the experimental group as a whole: 1 h after occlusion, CBF decreases to 42 ± 8.4%, CMR02 to 54.5 ± 7.3%, and OEF increases to 124 ± 25.8% of preocclusion control values, whereas final CBF, CMR02, and OEF are 18.4 ± 9.8%, 23.5 ± 9.9%, and 125.7 ± 22.7%, respectively. As de scribed in the methods section, absolute values could not be calculated for all measurements be cause of technical problems, and side-to-side differ ences between homotopic ROIs were evaluated in stead. This analysis, however, neglects long-term alterations seen in sham-operated controls (see FIG. 2. Sequential, quantitative positron emission tomography images of plane 7 of cat 6, representing CMR02, CBF, OEF, and CMRg,c before (control) and at three time points after left middle cerebral artery occlusion (MCAO 1, 2, 3). Progressive deteri oration of oxygen consumption in the MCA territory corresponds to the spreading of the area with increased OEF and finally leads to hemodynamic and metabolic derangement also on the contralateral hemisphere that is probably due to increased intracranial pressure by excessive edema formation. above), and it disregards effects on the contralateral hemisphere of brain edema and increased intracra nial pressure that were evident on the histological sections of five cats (Fig. 2) . In such instances, CBF decreased and OEF increased in the contralateral hemisphere.
The temporal pattern of changes after MCAO can be seen in three dimensions in multislice profiles of side-to-side differences at the various measurement times. These profiles (Fig. 3 ) demonstrate that CBF is affected immediately and severely, almost reach ing the final value already at the first measurement after occlusion. For several hours, CMR02 and CMR g lc in the core of ischemia (planes 8-11) are preserved at intermediate levels [p < 0.05, re peated-measures two-way analysis of variance (ANOY A), significantly different from control] and close to normal in the posterior MCA territory (planes 3-6). Finally, they reach low values (planes 6-12; significantly different from measurement early after occlusion, p < 0.05) in an area similar to that seen in early recordings of ischemic flow re duction. Up to 4 h after occlusion, OEF therefore was significantly increased (planes 4-13, p < 0.05) and later decreased. In most animals, spreading of the penumbra (as defined by increased OEF) and, more clearly, growing of the infarcted zone (as de fined by low CBF, low CMR02, and low OEF) .... .. (123 e123 C123 (123 (123 (123 (123 ('2.3 e123 e123 (123 e123 (123 (123 (123 (123 (123 CI2.3 (123 (123 e123 e123 e123 (12.3 (123 e123 (123 e1 23 
.c to... could be observed. Increased OEF in early deter minations often spread in subsequent measure ments on the 2nd day to the contralateral hemi sphere (Fig. 4A, upper case) . This process is not easily recognized in the analysis of Fig. 3 , showing the averages of all animals with MCAO. Individual analysis, however, revealed that at early times after occlusion, OEF was maximally increased in the center planes (plane P8 ± 2.9 planes), whereas at later times (3-4 h and 20 h after MCAO), maximum OEF had shifted toward frontal planes (P12 ± 0.8 and P13 ± 0.9, respectively). OEF decreased with time in the core of ischemia and subsequently in the whole MCA territory, indicating slowly progressing metabolic derangement and irreversible necrosis. The evolution of the imbalance between blood flow and metabolism is better visualized on three dimensional surface maps of OEF that were recon structed after superimposing OEF with control CBF images (Fig. 4B) . In one of the six cats under going MCAO, there was partial recovery of CBF during the ischemic period, and oxygen consump tion remained close to normal in the border zone of ischemia. This cat finally had the smallest in farct, with most of the cortical area remaining histologically intact (Fig. 4A, lower case; Fig. 5 , cat 5). The other five animals developed large infarcts, some of which involved most of the left hemi sphere, with mass effect and compression of the right hemisphere (Fig. 2) . The infarcted area was evaluated morphometric ally in histological slices matched to the respective PET planes (Fig. 5 ), and these measures were then related to the contralat eral hemisphere. Individual infarcts as well as their average size (Fig. 5) were in good agreement with the PET regions of impaired flow and metabolism (Fig. 3) , showing the best correspondence with CMRglc images. There was a significant relationship between the areas of reduced glucose metabolism and of infarction (linear regression, size of infarcted area = 7.734 + 0.613 x size of area of glucose metabolic depression; r = 0.824; p < 0.01). From the small regression coefficient, it is obvious that infarcts were slightly smaller than the area of re duced glucose metabolism.
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FIG. 4. A:
Two examples of varying development of OEF and consequent outcome in CMRg1c-PET and histology, respectively. Cat 2 shows progressive deterioration and an extensive metabolic deficit corresponding with a large infarct. In cat 5, following a transient misery perfusion state (indicated by increased OEF at MCAO 1 and 2), cortical metabolism and morphology are preserved. B: OEF superimposed on reconstructed surface views of control CBF in cat 2 at three time points after middle cerebral artery occlusion, showing dynamic penumbra leading to progressive metabolic derangement. 
DISCUSSION
In a recent study, Pappata et al. (1993) estab lished the feasibility of repeated PET measurements in acute experimental ischemia in baboons, but their approach was limited by the unfavorable spa tial resolution of their equipment and by restriction to the first few hours after MCAO, which prevented the evaluation of the development of permanent in farction and its histological verification. Our study was designed to overcome these limitations and to demonstrate that state-of-the-art, high-resolution PET can be employed for serial studies of patho physiologic changes in experimental focal ischemia of smaller animals like cats. In the present pro longed experiments, CBF, CMR02, OEF, and CMRglc were determined repeatedly by multitracer PET, starting with preocclusive control studies and finally reaching permanent deficits after �24 h. Due to the high spatial resolution of the scanner (:!S4 mm in all directions, Wienhard et aI., 1994) , which still was coarse in relation to the fine anatomical details of a cat brain, regional changes of hemodynamic and metabolic measures could be assessed over time, and the final brain lesion could be localized in good agreement with the infarct as determined in histological serial sections. The protocol permitted us to observe instanta neous hemodynamic and metabolic disturbances immediately after MCAO and to follow these changes until permanent lesions had developed, Our results correspond to the findings from inciden tal PET examinations in humans at various times after acute ischemic stroke, and they support the concept of increased oxygen extraction fraction and misery perfusion as being indicators of viable tissue (Baron et aI., 1981) . As also demonstrated directly in the present study, this initially viable tissue had decreased oxygen consumption at later measure ments, indicating necrotic transformation (Wise et aI., 1983; Hakim et aI., 1989; Heiss et aI., 1992; Marchal et aI., 1993) , or it was part of the ultimately infarcted area (Powers et aI., 1985; Baron, 1985) . However, in some instances, e.g., in cat 5 (Fig. 4) , acute misery perfusion can be reversed and mor phological integrity can be preserved, as was also observed incidentally in chronic vascular disease (Baron et aI., 1981; Gibbs et aI., 1987) and after acute focal ischemia (Heiss et aI., 1993) . For the first time it was possible to demonstrate the three dimensional development of uncoupled changes in blood flow and oxygen consumption. Immediately after MCAO, blood supply to the core of the isch emic zone was extremely low, probably below the ischemic threshold (Heiss, 1983; Powers et aI., 1985) . For a short period, OEF was increased in this tissue, but then deteriorated progressively, indicat ing necrotic transformation. Concurrently, spread ing of elevated OEF, particularly into frontal planes, was observed, and later on OEF also in creased outside the territory of the primary perfu sion disturbance, with subsequent metabolic de rangement in most but not all of those tissue com partments. The described expansion of necrosis on the inner (center) side and of misery perfusion on the outer (border zone) side of the ischemic focus is probably caused by decreased blood supply that is kept at a critical level for some time. This process may eventually lead to cellular damage (Heiss and Rosner, 1983; Mies et aI., 1991) in the border zone of the MCA territory. The propagation of ischemia to even larger areas may also be triggered by the spreading of biochemical and electrical events in ducing excessive release of excitatory amino acids (Matsumoto et aI., 1993; Mies et aI., 1993; Takagi et aI., 1993) , increase in intracellular calcium ions (Ue matsu et aI., 1991), and expression of immediate early genes and stress proteins (Welsh et aI., 1992; An et aI., 1993) . The observation that histological infarcts were smaller than the final area of reduced glucose metabolism may be explained by partial volume effects as well as by metabolic depression due to remote deactivation or to selective cell loss outside the demarcated infarct.
The involvement of the contralateral hemisphere in some of the animals may be ascribed not only to effects resulting from prolonged experimental peri ods causing, e.g., decreased CBF, as seen in sham operated control animals, but it may also be related to increased intracranial pressure developing after massive infarction, with formation of edema and J Cereb Blood Flow Metab, Vol. 14, No.6, 1994 throttled perfusion leading to secondary isch�mic damage (Hayakawa and Waltz, 1975) . A dynamic penumbra, spreading with time from the core to the border zones of ischemia and even to areas outside the territory of the occluded artery, can be directly visualized in sequential PET images and is in accor dance with previous findings on the temporal pat tern of biochemical changes in distinct brain regions (Hakim and Hogan, 1991) . Tissue affected by this process undergoes progressive damage in most cases, but may maintain morphologic integrity and recover function as long as substrate supply is maintained above a still-undefined threshold.
Sequential, high-resolution, multitracer PET studies improve our understanding of pathophysio logic events occurring early in the course of focal ischemia and help to close the gap between the mo lecular and biochemical concepts of the pathophys iology of ischemic damage, derived from experi mental models as well as f rom physiological and clinical observations in stroke patients. In this con text, PET will probably be complementary to stud ies applying magnetic resonance technology in ex perimental models that either yield high-resolution, semiquantitative information on hemodynamic and diffusional changes (Benveniste and Johnson, 1993; Hamberg et aI., 1993; Moseley et aI., 1993; Roberts et aI., 1993; Back et aI., 1994) or low-resolution data on selected biochemical alterations (Levine et aI., 1992; Gadian et aI., 1993; Monsein et aI., 1993) . Despite the limitations of state-of-the-art PET tech nology-partial volume effects resulting from low spatial resolution in relation to the structures in an imal brains, time requirements for individual proce dures limiting the rate of repeated examinations and therefore the temporal resolution, and complex lo gistics necessitating multidisciplinary staff and ex pensive equipment-which at least partially can be overcome by advanced MR techniques, PET con tinues to be a unique method for the noninvasive regional assessment of important physiological vari ables. Therefore, the approach demonstrated in this study of acute pathophysiologic changes after MCAO will be of great value for further and more detailed investigations of permanent and transient ischemic events, and for the experimental evalua tion of therapeutic strategies.
